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Abstract 30 
 31 
Due to their diverse applications, gold nanoparticles (AuNPs) are 32 
expected to increase of in the environment, although few studies are available 33 
on their mode of action in aquatic organisms. The genotoxicity of AuNPs, alone 34 
or combined with the human pharmaceutical gemfibrozil (GEM), an 35 
environmental contaminant frequently detected in aquatic systems, including in 36 
marine ecosystems, was examined using gilthead seabream erythrocytes as a 37 
model system. Fish were exposed for 96 h to 4, 80 and 1600 µg L−1 of 40 nm 38 
AuNPs with two coatings – citrate or polyvinylpyrrolidone; GEM (150 µg L−1); 39 
and a combination of AuNPs and GEM (80 µg L−1 AuNPs + 150 µg L−1 GEM). 40 
AuNPs induced DNA damage and increased nuclear abnormalities levels, with 41 
coating showing an important role in the toxicity of AuNPs to fish. The combined 42 
exposures of AuNPs and GEM produced an antagonistic response, with 43 
observed toxic effects in the mixtures being lower than the predicted. The 44 
results raise concern about the safety of AuNPs and demonstrate interactions 45 
between them and other contaminants.  46 
 47 
Keywords: metal nanoparticles; lipid regulator; erythrocytes; mixtures; comet 48 
assay; nuclear abnormalities 49 
 50 
1. Introduction 51 
 52 
The unique properties of nanoparticles (NPs) have led to an increased 53 
production and use in different applications (Fouad and Hafez 2017; Schmid 54 
 ACCEPTED MANUSCRIPT
3 
 
2010) in a wide range of areas, including electronics, medicine, pharmaceutics, 55 
industry and agriculture (Khan, Saeed, and Khan 2017). NPs are broadly 56 
divided into different categories based on their morphology, size and chemical 57 
properties (Khan, Saeed, and Khan 2017). Gold nanoparticles (AuNPs) are 58 
metal NPs widely used in biomedical applications, including diagnostics, 59 
therapy and prophylaxis (Khan, Vishakante, and Siddaramaiah 2013). The 60 
increased use of AuNPs leads to increased environmental inputs and 61 
estuarine/marine organisms potential exposure (Barreto et al. 2015). 62 
Information available on the current levels of AuNPs in the environment is 63 
limited to predicted concentrations arising from use in consumer products (0.14 64 
µg L−1 in aquatic environments and 5.99 µg kg−1 in soil) (García-Negrete et al. 65 
2013; Tiede et al. 2009).  66 
There is also a scarcity of publications on their mode of action in aquatic 67 
organisms, specifically the potential genotoxicity of AuNPs in marine organisms. 68 
AuNPs have been reported to induce genotoxicity (Balasubramanian et al. 69 
2010; Cardoso et al. 2014; Chueh et al. 2014; de Alteriis et al. 2017; Dedeh et 70 
al. 2015; Di Bucchianico et al. 2015; Dominguez et al. 2015; Fraga et al. 2013; 71 
Geffroy et al. 2012; Guglielmo et al. 2012; Iswarya et al. 2016; Paino et al. 72 
2012; Renault et al. 2008; Teles et al. 2017; Xia et al. 2017) – Supplementary 73 
Information (Table S1), mostly in in vitro experiments with cell lines of mammals 74 
(Chueh et al. 2014; Di Bucchianico et al. 2015; Fraga et al. 2013; Guglielmo et 75 
al. 2012; Li, Lo, et al. 2011; Paino et al. 2012; Schaeublin et al. 2011; Xia et al. 76 
2017), dependent on their surface coating (Dominguez et al. 2015; Fraga et al. 77 
2013; Guglielmo et al. 2012; Iswarya et al. 2016; Paino et al. 2012).   78 
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Therefore, one of the aims of the present research was to investigate 79 
the genotoxic effects of AuNPs with two different coatings (citrate and 80 
polyvinylpyrrolidone – PVP) to the top predator fish Sparus aurata, which is a 81 
commercially relevant fish in southern Europe.  82 
Considering the co-occurrence of several contaminants in the 83 
environment, such as NPs and pharmaceuticals, organisms were exposed to 84 
AuNPs (citrate coated (cAuNPs) or PVP coated (PVP-AuNPs)) also in 85 
combination with the pharmaceutical gemfibrozil (GEM). The prescription rates 86 
of lipid regulators are continually increasing, and GEM is among the most 87 
widely used (Al-Habsi et al. 2016; Prindiville et al. 2011). In Europe, GEM has 88 
been found at concentrations up to 1.5 µg L-1 in surface waters (Fang et al. 89 
2012). In marine ecosystems, GEM is also among the most frequently detected 90 
compounds, with concentrations between 1 and 758 ng L
-1
 in seawater (Gaw et 91 
al. 2014; Vidal-Dorsch et al. 2012). Despite its presence in aquatic ecosystems, 92 
there is still limited information concerning mechanisms of toxicity for GEM to 93 
aquatic organisms, particularly for marine fish (Teles et al. 2016).  94 
To achieve the goals of the present study, the evaluated endpoints 95 
were the erythrocytic DNA strand breaks (molecular endpoint), assessed using 96 
the comet assay, and the presence of erythrocytic nuclear abnormalities (ENAs) 97 
(cytogenetic endpoint), using the ENAs assay. Comparisons between the 98 
observed percentages of effect in the combined exposures and the predicted 99 
percentages of effect which were derived by the sum of single exposure effects 100 
were performed to understand if the employed mixture induced similar, lower or 101 
greater effects than the sum of both single exposure effects102 
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2. Material and Methods 103 
 104 
2.1.  Fish maintenance  105 
Juvenile gilthead seabream (Sparus aurata), total length 9 ± 0.5 cm, 106 
were purchased from a Spanish aquaculture facility and were acclimated in the 107 
laboratory for 4 weeks in aquaria containing aerated and filtered artificial 108 
seawater (ASW, salinity 35), under controlled temperature (20ºC), pH of 7.9 and 109 
photoperiod 12:12. During this 4-weeks period, fish were fed daily with 110 
commercial fish food (Sorgal, Portugal) and the aquaria water renewed daily. All 111 
experimental procedures were carried out following the European and 112 
Portuguese legislation (authorization N421/2013 of Portuguese competent 113 
authority). During the experimental assay, photoperiod, temperature and 114 
aeration conditions were similar to those used in the acclimation period. 115 
 116 
2.2. AuNPs – Synthesis and characterization 117 
AuNPs were prepared by sodium citrate reduction of gold (III) chloride 118 
trihydrate (Lekeufack et al. 2010). Part of the resulting cAuNPs were coated 119 
with PVP as described by Barreto et al. (2015). The citrate reduction method 120 
was chosen due to the non-toxicity of citrate, the use of water as solvent and 121 
the fact that cAuNPs have been frequently used in diverse areas (Hanžić et al. 122 
2015; Li, Li, et al. 2011; Turkevich, Stevenson, and Hillier 1951). PVP was 123 
selected as a second coating agent because it is a water-soluble, nontoxic and 124 
biodegradable homopolymer (Min et al. 2009). After synthesis, the AuNPs stock 125 
suspensions and the AuNPs suspensions in the exposure media (ASW) and in 126 
ultrapure water were characterized at 0, 24 and 96 h. AuNPs combined with 127 
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GEM were also characterized in ASW and ultrapure water. AuNPs 128 
characterization was performed by UV-Vis spectra, (Cintra 303, GBC Scientific), 129 
dynamic light scattering (DLS; Zetasizer Nano ZS, Malvern), transmission 130 
electron microscopy (TEM; Hitachi, H9000 NAR), scanning electron microscopy 131 
(SEM; Hitachi, SU70) and zeta potential (ZP; Zetasizer Nano ZS, Malvern).  132 
 133 
2.3. Experimental assay 134 
The procedures generally followed the OECD guidelines for fish acute 135 
bioassays (OECD 1992). Briefly, 10 fish, per condition, were randomly 136 
distributed in the experimental aquaria and exposed for 96 h to the following 137 
conditions: 4, 80 and 1600 µg L
-1 
AuNPs (citrate and PVP coating); 150 µg L
-1 
138 
GEM; mixture of 150 µg L
-1 
GEM with 80 µg L
-1 
AuNPs (citrate and PVP 139 
coating). A negative control (ASW only) and a solvent control (0.003% dimethyl 140 
sulfoxide – DMSO) were included. Experimental suspensions of AuNPs were 141 
prepared by dilution of cAuNPs (97 mg L
-1
) and PVP-AuNPs (58 mg L
-1
) stock 142 
suspensions in ASW. A stock solution of GEM (50 g L
-1
) was prepared in 143 
DMSO. GEM (150 µg L
-1
) was prepared by the dilution of the stock solution in 144 
ASW. The AuNPs lowest concentration (4 µg L
-1
) was chosen because it is near 145 
to the predicted values found in the environment (García-Negrete et al. 2013; 146 
Tiede et al. 2009). The concentration range used was based on 20-fold 147 
increases. The chosen concentration of GEM (150 µg L
-1
) is about 100 times 148 
higher than relevant environmentally concentrations of GEM (Fang et al. 2012) 149 
and has earlier been shown to induce genotoxicity, changes in behaviour, 150 
oxidative stress and oxidative damage in S. aurata (Barreto et al. 2017). 151 
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Approximately 80% of the experimental media was renewed daily after 152 
checking fish mortality and measuring water quality (temperature, salinity, 153 
conductivity, pH and dissolved oxygen). No food was provided during the 154 
experimental period.  155 
After 96 h exposure, animals were anesthetised with 100 mg L
-1
 of 156 
tricaine methanesulfonate (MS-222) and a blood sample was collected from the 157 
posterior cardinal vein to be used in the comet assay and for the assessment of 158 
erythrocytic nuclear abnormalities (ENAs).  159 
 160 
2.4. Quantification of gold and GEM in the experimental media 161 
Water samples were collected daily at time 0 and 24 h in each 162 
aquarium from single exposures (15 ml) and combined exposures (30 ml) for 163 
the quantification of gold and GEM in the experimental media. 164 
The determination of gold was performed by ICP-MS (inductively 165 
coupled plasma mass spectrometry) according to the NIST NCL Method PCC-8 166 
(NIST 2010). Samples were diluted with a 1.5% (v/v) HNO
3
 and 4% (v/v) HCl 167 
solution and analysed by an iCAPTM Q ICP-MS (Thermo Fisher Scientific, 168 
Bremen, Germany). The equipment instrumental conditions were as follow: 169 
argon flow rate (14 L min
-1
); auxiliary argon flow rate (0.8 L min
-1
); nebulizer flow 170 
rate (1.03 mL min
-1
); RF power (1550 W) and dwell time (100 ms). The 171 
elemental isotope 
197
Au was monitored for analytical determination; 
159
Tb and 172 
209
Bi were used as internal standards. The instrument was tuned daily for 173 
maximum signal sensitivity and signal stability.  174 
Quantification of GEM was performed on a Nexera UHPLC (ultra-high 175 
performance liquid chromatography) system coupled to a triple-quadrupole 176 
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mass spectrometer detector LCMS-8030 (Shimadzu Corporation, Kyoto, 177 
Japan). Prior to analysis, GEM was extracted from water samples using solid 178 
phase extraction (SPE). Standard solution of gemfibrozil-d6 was added to the 179 
extract as internal standard before UHPLC-MS/MS (ultra-high performance 180 
liquid chromatography tandem-mass spectrometry). Detailed information of the 181 
quantification of GEM can be found elsewhere (Barreto et al. 2017). Method 182 
detection limit (MDL) for GEM in water was 4.0 ng L
-1
. 183 
 184 
2.5. Evaluation of DNA damage 185 
For the comet assay, blood samples were diluted with saline phosphate 186 
buffer (1:1000) and immediately used. The alkaline comet assay was conducted 187 
according to the method of Singh et al. (1988) with some modifications (Barreto 188 
et al. 2017). The different steps included in the comet assay are presented in 189 
the Supplementary Information (Figure S1). One slide per fish, a negative 190 
(blood from fish maintained in an aquarium with ASW only) and positive (blood 191 
from fish treated with 25 µM hydrogen peroxide (H
2
O
2
) for 10 min) controls were 192 
included in the electrophoresis. H
2
O
2
 was used as a model genotoxic agent 193 
since it produces both single-strand breaks and oxidative DNA damage (Termini 194 
2000) and has been used routinely as a positive control in the comet assay 195 
(Barreto et al. 2017; Gielazyn et al. 2003; Singh et al. 1988).  196 
Slides were stained with ethidium bromide (20 µL mL
-1
) and, to avoid 197 
bias, they were randomly analysed, counting one hundred randomly selected 198 
cells from each sample. Cells were scored visually, according to tail length, into 199 
five classes (Collins 2004):  200 
Class 0 - undamaged, without a tail;  201 
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Class 1 - with a tail shorter than the diameter of the nucleus;  202 
Class 2 - with a tail length 1-2 times the diameter of the nucleus;  203 
Class 3 - with a tail longer than twice the diameter of the nucleus;  204 
Class 4 - comets with no nucleus.  205 
A damage index (DI), in arbitrary units, was assigned to each replicate 206 
(for 100 cells) and consequently for each treatment, using the formula:  207 
 208 
 = 0	 × 0	 + 1 × 1	 +	2	 × 2	 + 3 × 3	 +	4	 × 4	 
 209 
where: n = number of cells in each class. DI can range from 0 to 400 (de 210 
Andrade, de Freitas, and da Silva 2004).  211 
 212 
2.6. Evaluation of ENAs  213 
Blood smears were prepared for ENAs assessment. The ENAs assay 214 
was carried out in mature peripheral erythrocytes, as previously described 215 
(Barreto et al. 2017; Pacheco and Santos 1996). The ENAs were randomly 216 
scored under a light microscope in 1 000 intact erythrocytes per fish. Nuclear 217 
lesions were scored as previously reported (Barreto et al. 2017): micronuclei, 218 
lobed, segmented, kidney-shaped and vacuolated nuclei. Results were 219 
expressed as the frequency mean value (‰) of total ENAs, using the formula:  220 
 221 
‰	 =
Number	of	cells	containing	ENAs	
Total	number	of	cells	counted
 
 222 
2.7. Data analysis  223 
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Data were first tested for normality (Shapiro-Wilk test) and homogeneity 224 
of variance (Levene’s test), using the Sigma Plot 12.0 software package. 225 
Whenever data failed the normality test, it was log 10 transformed to achieve 226 
normalization. Differences between controls (negative and solvent) were carried 227 
out using a Student t-test. To detect significant differences between the control 228 
and AuNPs single treatments, a two-way analysis of variance (ANOVA) was 229 
performed, using concentration and coating as factors, followed by a Dunnett´s 230 
test. In addition, differences between GEM, 80 µg L
-1 
AuNPs (citrate and PVP 231 
coating), the mixtures and control were tested using a one-way ANOVA, 232 
followed by Dunnett’s test. Data from damage classes and types of ENAs were 233 
individually compared with control group using a one-way ANOVA, followed by 234 
Dunnett’s test, whenever applicable. One-way ANOVA, followed by Tukey´s 235 
test, whenever applicable, was used to compare differences between AuNPs 236 
single treatments. Significant differences were assumed for p<0.05.  237 
Observed percentages of effect in the combined exposures, 238 
corresponding to measured effects, were compared with the correspondent 239 
predicted percentages of effect which were derived by the sum of single 240 
exposure effects. These comparisons were performed to understand if the 241 
combined effect of AuNPs and GEM was similar, lower or greater than the sum 242 
of both single exposure effects.  243 
 244 
3. Results  245 
 246 
3.1. AuNPs – Characterisation and behaviour 247 
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The characteristics of AuNPs used in the present study are shown in 248 
Table 1. Microscopy analysis confirmed that almost all AuNPs dispersed in 249 
ultrapure water had the same size and presented an approximately spherical 250 
shape. In ASW, the highest tested concentration of cAuNPs (1600 µg L
-1
) 251 
displayed an immediate change the colour from red to light blue, typical from 252 
AuNPs agglomeration/aggregation processes. The hydrodynamic size of 253 
cAuNPs increased to about 340 ± 42 nm and the characteristic surface plasmon 254 
resonance (SPR) peak was not detected (Table 1). Different peaks 255 
corresponding to different charges were found in the ZP analysis. In the aquaria 256 
containing 1600 µg L
-1
 of cAuNPs a dark layer became visible within 24 h, 257 
corresponding to AuNPs aggregates/agglomerates sedimentation. PVP-AuNPs 258 
(1600 µg L
-1
) did not alter their colour in ASW, showing the UV-Vis spectra, size 259 
and ZP similar to the PVP-AuNPs in ultrapure water after 96 h (Table 1). At 4 260 
and 80 µg L
-1
, it was not possible to characterise the AuNPs because of the 261 
detection limits of the techniques used.  262 
 263 
Table 1. Characteristics of gold nanoparticles (AuNPs) in ultrapure water and 264 
artificial seawater after 96 h alone and with gemfibrozil (GEM). cAuNPs – 265 
Citrate coated gold nanoparticles; PVP-AuNPs – Polyvinylpyrrolidone coated 266 
gold nanoparticles; PdI – Polydispersity Index; SPR – Surface Plasmon 267 
Resonance; ZP – Zeta Potential; N. D. – Not detected. 268 
  
Size (nm) PdI  SPR (nm)  ZP (mV) 
Ultrapure water 
cAuNPs 35.0 ± 0.2 0.3 534.0 -43.8 ± 0.7 
PVP-AuNPs 50.0 ± 0.8 0.3 535.0 -17.0 ± 0.6 
cAuNPs + GEM 37.3 ± 0.5 0.3 533.6 -43.2 ± 1.1 
PVP-AuNPs + GEM 52.3 ± 1.4 0.2 535.2 -17.3 ± 0.2 
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Artificial seawater (salinity 35) 
cAuNPs 340.0 ± 42.0 0.9 N. D. N. D. 
PVP-AuNPs 53.5 ± 1.4 0.2 535.4 -17.2 ± 0.2 
cAuNPs + GEM 332.1 ± 34.8 0.9 N. D. N. D. 
PVP-AuNPs + GEM 51.6 ± 1.2 0.3 535.1 -17.1 ± 0.4 
 269 
The study of the interaction of GEM and AuNPs was not possible to be 270 
carried out at the concentrations of 80 and 150 µg L
-1 
of AuNPs and GEM, 271 
respectively. The UV-Vis spectra analysis of these two compounds’ mixture in 272 
ultrapure water, within the same ratio but increasing their concentration ten 273 
times (800 and 1500 µg L
-1 
of AuNPs and GEM, respectively), revealed that the 274 
characteristic SPR peak of AuNPs was maintained (Table 1) and the peak 275 
correspondent to GEM was detected in the expected wavelength (around 276 276 
nm). In addition, AuNPs sizes measured by DLS were similar when they were 277 
mixed with GEM, as shown in Table 1. In ASW, cAuNPs also 278 
aggregated/agglomerated in the presence of GEM, presenting similar behaviour 279 
and characteristics as when they were separately in ASW (Table 1). PVP-280 
AuNPs combined with GEM remained stable in ASW, as when they were in 281 
single exposure (Table 1).  282 
 283 
3.2. Gold and GEM quantification in the experimental media 284 
The results of gold and GEM concentrations obtained by chemical 285 
analyses are presented in the Supplementary Information (Table S2). Gold 286 
quantified in the experimental media (ASW) was generally lower than the 287 
nominal concentrations at 0 h, except for PVP-AuNPs at 4 µg L
-1
. The 288 
difference between the nominal and measured concentrations was more 289 
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evident in the case of cAuNPs, both in single and combined exposures with 290 
GEM. For the nominal concentration of 4 µg L
-1
 cAuNPs, the measured 291 
concentration of gold was 32% lower than the expected. For the 80 µg L
-1
, the 292 
detected concentrations of cAuNPs and PVP-AuNPs in ASW were 62% and 293 
15% lower than the nominal concentrations, respectively. At 1600 µg L
-1
, the 294 
concentration of gold was 92% and 9% lower than the expected for cAuNPs 295 
and PVP-AuNPs, respectively. In the combined exposures with GEM, the 296 
concentration of gold in ASW was 56% and 20% lower than the expected for 297 
cAuNPs and PVP-AuNPs, respectively. After 24 h of exposure, comparing with 298 
the gold quantified at 0 h, the concentration of cAuNPs in suspension 299 
decreased more than the concentration of PVP-AuNPs. In the nominal 300 
concentration 4 µg L
-1
, this decrease was 51% and 19% for cAuNPs and PVP-301 
AuNPs, respectively. In the nominal concentration 80 µg L
-1
, after 24 h of 302 
exposure, the concentrations of gold decreased by 83% and 16% for cAuNPs 303 
and PVP-AuNPs, respectively. For the nominal concentration 1600 µg L
-1
, a 304 
decrease of gold in suspension after 24 h was also observed with 47% for 305 
cAuNPs and 35% for PVP-AuNPs. In the combined exposures with GEM, the 306 
concentration of gold decrease 55% and 27% in ASW after 24 h for cAuNPs 307 
and PVP-AuNPs, respectively. After media spiking, GEM measured 308 
concentration was 60% higher than the nominal concentration. After 24 h, the 309 
measured GEM concentration was similar to the measured concentration at 0 h.  310 
 311 
3.3. Evaluation of DNA damage 312 
No significant differences between the negative (ASW) and solvent 313 
(0.003% DMSO) controls were found on the comet and ENAs assays (t-test, 314 
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p>0.05). The negative control displayed a damage index around 27, 315 
corresponding to 6.8% DNA damage. The solvent control displayed a damage 316 
index around 33, corresponding to 8.3% DNA damage, while the positive 317 
control displayed a damage index around 240. AuNPs displayed a significant 318 
increase in the genotoxic effects (Dunnett’s test, p<0.05), assessed by DNA 319 
strand breakage, already at 4 µg L
-1 
and at all the concentrations used (Figure 320 
1), independently of the coating. With PVP-AuNPs concentration increase, the 321 
DNA strand breakage increased, being the DNA damage index significantly 322 
higher at 1600 µg L
-1
, when comparing with exposure to 4 µg L
-1 
(Figure 1). 323 
 324 
Figure 1. DNA damage index (arbitrary units) of peripheral blood cells from 325 
Sparus aurata exposed for 96 h to gold nanoparticles (citrate coated – cAuNPs 326 
and polyvinylpyrrolidone coated – PVP-AuNPs) single exposure and combined 327 
with gemfibrozil (GEM). Results are expressed as mean ± standard error. 328 
*Significant differences to control (Dunnett´s test, p<0.05, citrate coating). 329 
+
Significant differences to control (Dunnett´s test, p<0.05, polyvinylpyrrolidone 330 
coating). 
X
Significant differences to control (Dunnett´s test, p<0.05, GEM and 331 
GEM+80 µg L
-1 
of cAuNPs or PVP-AuNPs). Different letters correspond to 332 
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significant differences between the treatments of each type of AuNPs, capital 333 
letters to cAuNPs and small letters to PVP-AuNPs (Tukey´s test, p<0.05). 334 
(Single)  335 
 336 
A DNA damage index around 267 was detected in organisms exposed 337 
to 1600 µg L
-1 
of PVP-AuNPs, being the maximum DNA damage value detected 338 
in the AuNPs single exposures (Table 2).  339 
 340 
Table 2.  Percentage of DNA damage classes, analyzed by the comet assay, 341 
of peripheral blood cells from Sparus aurata exposed for 96 h to gold 342 
nanoparticles (citrate coated – cAuNPs and polyvinylpyrrolidone coated – PVP-343 
AuNPs) single exposure and combined with gemfibrozil (GEM). *Significant 344 
differences to control (Dunnett’s test, p<0.05); data are expressed as mean ± 345 
standard error. A. U. – Arbitrary units. 346 
Treatment group 
DNA damage classes (%) 
DNA 
damage 
 index (A. 
U.) 
0 1 2 3 4 
Control 
77.9±5.8 21.4±5.5 2.6±1.3 0.2±0.2 0 27.2±7.9 
4 µg.L
-1 
cAuNPs 
24.6±11.4
*
 44.2±7.0
*
 
25.0±12.6 3.8±2.6 2.4±1.1 
115.2±29.0
*
 
80 µg.L
-1 
cAuNPs 
9.2±2.7
*
 
12.4±3.5 
54.2±7.6
*
 
22.0±5.7 1.8±1.1 
194.0±5.3
*
 
1600 µg.L
-1 
cAuNPs 
7.0±1.6
*
 
23.0±7.0 
48.3±6.3
*
 
18.0±11.0 3.8±2.2 
188.5±18.5
*
 
4 µg.L
-1 
PVP-AuNPs 
34.0±8.0
*
 
42.3±4.2 15.3±8.4 5.3±2.6 3.3±1.5 
101.5±24.7
*
 
80 µg.L
-1 
PVP-AuNPs
 
9.0±4.4
*
 
23.0±1.3 39.0±7.5 18.5±9.2 6.0±0.6 
180.5±37.5
*
 
1600 µg.L
-1 
PVP-
AuNPs
 
7.0±0.9
*
 
11.7±9.0 27.7±0.9 29.7±4.9 
24.0±2.8
*
 267.4±23.0
*
 
150 µg.L
-1
 GEM 
0.5±0.3
*
 
3.3±1.5 
46.3±6.2
*
 41.0±3.7
*
 
11.5±2.7 
264.8±6.1
*
 
80 µg.L
-1 
cAuNPs + 
150 µg.L
-1 
GEM 
0
*
 
1.2±0.8 27.6±6.9 
48.4±11.7
*
 
11.0±7.1 
280.3±22.7
*
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80 µg.L
-1
PVP-AuNPs + 
150 µg.L
-1 
GEM
 
0.6±0.6
*
 
5.8±2.6 
45.0±7.8
*
 38.6±8.9
*
 
9.0±4.6 
247.6±18.2
*
 
 347 
The most abundant class for the negative control group was 0. Class 1 348 
was the most detected in the exposures to 4 µg L
-1 
of AuNPs and class 2 in the 349 
exposures to 80 and 1600 µg L
-1 
of AuNPs. PVP-AuNPs, at 1600 µg L
-1
, 350 
displayed a DNA damage grouped in class 2, 3 and 4 (Table 2). GEM also 351 
displayed a significant increase in DNA damage (Dunnett’s test, p<0.05; Figure 352 
1), being 2 and 3 the most predominant classes detected (Table 2).  353 
Despite the observed percentage of effect was lower than the predicted 354 
– Table 4, DNA damage significantly increased in the combined exposures 355 
compared with the control group (Dunnett’s test, p<0.05; Figure 1). In the 356 
combined exposures, the most detected DNA damage classes were 2 and 3 357 
(Table 2).  A DNA damage index around 280 was detected in organisms 358 
exposed to the combination of 80 µg L
-1 
of cAuNPs and GEM, being the 359 
maximum DNA damage value detected in both single and combined exposures 360 
(Table 2). 361 
 362 
3.4. Evaluation of ENAs 363 
The 96-h exposure of S. aurata to all the tested concentrations of 364 
AuNPs led to significantly higher ENAs frequency (Dunnett’s test, p<0.05; 365 
Figure 2), independently of the coating. With cAuNPs concentration increase, 366 
the ENAs frequency decreased. The effects of cAuNPs were higher in the 367 
lowest tested concentration (4 µg L−1) than in the highest concentration (1600 368 
µg L−1) (Tukey’s test, p<0.05; Figure 2). At 1600 µg L-1, PVP-AuNPs induced 369 
significantly more ENAs than cAuNPs (Dunnett’s test, p<0.05; Figure 2).  370 
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 371 
Figure 2. Erythrocytic nuclear abnormalities (ENAs) frequency (‰) in Sparus 372 
aurata exposed for 96 h to gold nanoparticles (citrate coated – cAuNPs and 373 
polyvinylpyrrolidone coated – PVP-AuNPs) single exposure and combined with 374 
gemfibrozil (GEM). Results are expressed as mean ± standard error. 375 
*Significant differences to control (Dunnett´s test, p<0.05, citrate coating). 376 
+
Significant differences to control (Dunnett´s test, p<0.05, polyvinylpyrrolidone 377 
coating).            Significant differences between cAuNPs and PVP-AuNPs 378 
within the same concentration (Dunnett´s test, p<0.05). 
X
Significant differences 379 
to control (Dunnett´s test, p<0.05, GEM and GEM+80 µg L
-1 
of PVP-AuNPs). 380 
Different letters correspond to significant differences between the treatments of 381 
each type of AuNPs, capital letters to cAuNPs and small letters to PVP-AuNPs 382 
(Tukey´s test, p<0.05). (Single)  383 
 384 
As shown in Table 3, the kidney-shaped nuclei was the abnormality 385 
most detected in the single exposures of AuNPs, being statistically significant at 386 
4 µg L
-1 
of cAuNPs and PVP-AuNPs and 80 µg L
-1 
of cAuNPs (Dunnett’s test, 387 
p<0.05). The second most detected abnormality was lobed nuclei, statistically 388 
significant at 4 µg L
-1 
for cAuNPs, 80 and 1600 µg L
-1 
PVP-AuNPs (Dunnett’s 389 
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test, p<0.05). Segmented, vacuolated and micronuclei were the abnormalities 390 
least detected in the exposures to AuNPs (Table 3).  391 
 392 
Table 3. Erythrocytic nuclear abnormalities (ENAs) frequency (‰) detected in 393 
Sparus aurata exposed for 96 h to gold nanoparticles (citrate coated – cAuNPs 394 
and polyvinylpyrrolidone coated – PVP-AuNPs) single exposure and combined 395 
with gemfibrozil (GEM). *Statistically significant differences to control (Dunnett’s 396 
test, p<0.05); data are presented as mean ± standard error. K – kidney-shaped 397 
nuclei; S – segmented nuclei; L – lobed nuclei; V – vacuolated nuclei; MN – 398 
micronuclei.  399 
Treatment group  
ENAs frequency (‰)  
K S L V MN 
Control 
11.3±3.3 1.1±0.4 0.6±2.2 0.2±0.4 0 
4 µg.L
-1 
cAuNPs 
45.2±8.8
*
 
2.5±1.0 
33.5±15.8
*
 
0.8±0.4 0.3±0.2 
80 µg.L
-1 
cAuNPs 
34.9±9.4
*
 
1.0±0.2 9.3±2.9 0.1±0.1 0.3±0.2 
1600 µg.L
-1 
cAuNPs 
23.7±3.6 0.6±0.4 9.4±3.0 0 0.3±0.2 
4 µg.L
-1 
PVP-AuNPs 
37.6±5.8
*
 
1.9±0.7 7.4±1.7 1.3±0.8 0.4±0.2 
80 µg.L
-1 
PVP-AuNPs 
22.7±3.0 0.8±0.3 
22.8±4.5
*
 
0.7±0.4 0 
1600 µg.L
-1 
PVP-AuNPs 
23.5±3.0 0.2±0.2 
37.8±3.1
*
 
0.7±0.3 0 
150 µg.L
-1
 GEM 
62.5±4.7
*
 24.5±3.3
*
 
7.5±1.4 
9.7±0.6
*
 2.5±1.1
*
 
80 µg.L
-1 
cAuNPs  
+ 150 µg.L
-1 
GEM 
23.7±4.5 0.7±0.7 4.7±1.5 1.6±0.4 0.3±0.2 
80 µg.L
-1 
PVP-AuNPs  
+ 150 µg.L
-1 
GEM 
32.0±4.8 0 5.9±1.0 5.7±3.4 0 
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 400 
As presented in Figure 2, GEM exposure significantly increased ENAs 401 
frequency (Dunnett’s test, p<0.05). The abnormality most detected was kidney-402 
shaped nuclei, followed by segmented and vacuolated nuclei (Dunnett’s test, 403 
p<0.05). The abnormalities less detected were lobed nuclei and micronuclei. 404 
The latter was however significantly higher than the control (Dunnett’s test, 405 
p<0.05; Table 3). Some representative images of the different ENAs detected 406 
are shown in Figure 3.  407 
 408 
 409 
 410 
Figure 3. Mature erythrocytes of juvenile Sparus aurata with nuclear 411 
normal shape (a) and nuclear abnormalities: lobed nuclei (b), kidney-shaped 412 
nuclei (c), segmented nuclei (d), micronuclei (e) and vacuolated nuclei (f). 413 
Giemsa stain, 1000x. 414 
 415 
In the exposures AuNPs combined with GEM, the ENAs frequency was 416 
similar to the control in cAuNPs+GEM (ANOVA, p>0.05; Figure 2) whereas after 417 
PVP-AuNPs+GEM exposure the frequency of ENAs increased (Dunnett’s test, 418 
p<0.05; Figure 2). The observed percentage of effect in the mixtures was lower 419 
than the predicted – Table 4.  420 
 421 
Table 4. The relative percentage of effect on Sparus aurata, in the different 422 
assessed endpoints, after a 96-h exposure to single and combined exposures 423 
of gold nanoparticles (citrate coated – cAuNPs and polyvinylpyrrolidone coated 424 
– PVP-AuNPs) and gemfibrozil (GEM), compared with control. Observed (O) % 425 
in the combined exposures refers to measured effects and the Predicted (P) % 426 
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were derived by the sum of single exposure effects. *Significant differences to 427 
control (Dunnett´s test, p<0.05).  428 
Assessed 
endpoints 
% of effect related to control 
cAuNPs PVP-AuNPs GEM 
cAuNPs + 
GEM  
PVP-AuNPs + 
GEM  
DNA damage 
index 
653
*
 625
*
 938
*
 
P: 1591 
O: 988*  
P: 1563 
O: 862* 
Erythrocytic 
nuclear 
abnormalities 
frequency  
288
*
 
250* 
694
*
 
P: 982 
O: 131  
P: 944 
O: 224  
 429 
4. Discussion  430 
 431 
The behaviour of both AuNPs in ASW supported the data obtained in 432 
other publications with the same NPs (Barreto et al. 2015). In ASW, a high ionic 433 
strength medium, 1600 µg L
-1 
cAuNPs tended to aggregate or agglomerate as a 434 
consequence of an imbalance between repulsive and attractive forces (Geffroy 435 
et al. 2012; Tedesco et al. 2008; Yoo-Iam, Chaichana, and Satapanajaru 2014). 436 
On contrary, for PVP-AuNPs some stability in ASW was attained, as previous 437 
reported (Barreto et al. 2015). At 4 and 80 µg L
-1
, the media did not present the 438 
typical red colour of AuNPs suspensions because concentrations were low with 439 
no detectable alterations in NPs colour typical of agglomeration/aggregation 440 
processes (Barreto et al. 2015). Furthermore, the UV-Vis spectrophotometry, 441 
DLS and microscopy did not allow the study of AuNPs behaviour at these 442 
concentrations because of the weakness of the obtained signal. Some authors 443 
previously suggested that 20 nm cAuNPs can be considered as resistant to salt-444 
 ACCEPTED MANUSCRIPT
21 
 
induced aggregation at low µg L−1 (García-Negrete et al. 2013). The lack of 445 
alterations in terms of UV-Vis spectra, size and ZP of AuNPs when they were 446 
alone or combined with GEM, suggested that GEM and AuNPs did not have a 447 
direct chemical association, in terms of exposure. However, a possible 448 
interaction between them may occur inside the organisms, which may be 449 
related to their modes of action. The chemical analysis revealed differences 450 
between the nominal and measured concentrations, mainly evident in the case 451 
of the exposure to cAuNPs. This discrepancy may be explained by 452 
aggregation/agglomeration and consequent sedimentation of the 453 
aggregates/agglomerates of cAuNPs. It may also explain that, comparing with 0 454 
h, the concentration of cAuNPs in suspension, after 24 h, decreased more than 455 
the concentration of PVP-AuNPs.  456 
Regardless of the coating, AuNPs significantly induced DNA damage 457 
and increased ENAs frequency in Sparus aurata at all tested concentrations. 458 
The induction of ENAs decreased with cAuNPs concentration increase. The 459 
same response trend was not found for PVP-AuNPs. At 1600 µg L−1, PVP-460 
AuNPs induced significantly more ENAs in S. aurata than cAuNPs. These 461 
differences in toxicity may be associated with the behaviour of AuNPs in the 462 
tested media, PVP-AuNPs (1600 µg L−1) remained stable in the nano size in 463 
ASW, whereas cAuNPs immediately aggregated/agglomerated, increasing their 464 
size. Thus, these dissimilar AuNPs behaviours and characteristics (i.e. size and 465 
charge) may alter their bioavailability, uptake and consequently the toxic effects 466 
to cells and organisms (Alkilany and Murphy 2010; Barreto et al. 2015; Di 467 
Bucchianico et al. 2015; Liu et al. 2014). Rothen-Rutishauser et al. (2006) 468 
reported that aggregates larger than 200 nm are able to attach to the human 469 
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red blood cell membranes, whereas smaller aggregates and single NPs are 470 
found inside the cells (Rothen-Rutishauser et al. 2006). Previous genotoxicity 471 
studies also reported different effects of AuNPs with different coatings (Fraga et 472 
al. 2013; Iswarya et al. 2016; Paino et al. 2012). In a mice model, 96 h exposure 473 
to 65 nm PVP-AuNPs induced more effects in the DNA of liver cells (assessed 474 
as DNA strand breaks) than 29 nm cAuNPs (Iswarya et al. 2016). Most of the 475 
available nanotoxicological studies focus on the toxicity induced by high 476 
concentrations of NPs and the effects that arise at lower concentrations have 477 
largely been neglected (Fraga et al. 2013). The genotoxic pattern observed for 478 
cAuNPs, where low concentrations induced more effects than high 479 
concentrations, as previously described (Fraga et al. 2013), may be due to the 480 
lower aggregation/agglomeration processes, with higher ability to reach and 481 
react with cells inducing DNA damage. As already reported, 482 
aggregation/agglomeration is expected to increase with the increase in the 483 
number of particles per volume (Barreto et al. 2015). Protective mechanisms 484 
activated only in response to high levels of AuNPs may, however, also be 485 
responsible for this inverse correlation (Fraga et al. 2013). Nonetheless, the 486 
present findings highlight the importance of studying the effects of NPs at low 487 
concentrations.  488 
Considering the surface charge, previous studies reported that 489 
positively charged AuNPs displayed more effects than negatively charged 490 
AuNPs (Broda et al. 2016; Dominguez et al. 2015; Goodman et al. 2004) as a 491 
consequence of an electrostatic effect between positively charged AuNPs and 492 
the negatively charged cellular membranes and biological molecules such as 493 
DNA (Dominguez et al. 2015). Looking at different charges, an earlier gene 494 
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expression study showed that 1.5 nm AuNPs positively, neutral and negatively 495 
charged caused irreparable DNA damage to the human keratinocyte cell line 496 
(HaCaT) after 24 h exposure, but affected genes depending on particle charge 497 
(Schaeublin et al. 2011). A microscopic evaluation has furthermore 498 
demonstrated the uptake of neutral and negative AuNPs by red blood cells 499 
while positively charged AuNPs were attached to the cell surface (Rothen-500 
Rutishauser et al. 2006). cAuNPs used in the present study presented a strong 501 
negative ZP (-44 mV) and PVP-AuNPs exhibited a less negative ZP (-17 mV).  502 
Although the available data regarding the genotoxicity of AuNPs is 503 
somehow conflicting (Di Bucchianico et al. 2015; Paino et al. 2012), most of the 504 
recent studies have reported the potential of AuNPs to be genotoxic (de Alteriis 505 
et al. 2017; Dedeh et al. 2015; Di Bucchianico et al. 2015; Dominguez et al. 506 
2015; Xia et al. 2017). The controversy may be explained by a variety of 507 
parameters, such as the use of different cells/organisms in the assays, time of 508 
exposure, concentrations, surface charge, coating and size of NPs. The 509 
genotoxic effects of AuNPs detected in the present study, i.e. erythrocyte DNA 510 
strand breaks and nuclear abnormalities, may be caused directly following the 511 
entry of NPs into cells or even the nuclei, then binding to DNA; or indirectly, 512 
through oxidative stress, which may consequently induce oxidative damage to 513 
DNA (Auffan et al. 2009; Cardoso et al. 2014). The production of reactive 514 
oxygen species (ROS) following AuNPs exposure has been comprehensively 515 
demonstrated in many studies involving aquatic organisms (Farkas et al. 2010; 516 
Pan et al. 2012; Tedesco et al. 2010; Tedesco et al. 2008;). ROS has often 517 
been described as the major role in terms of oxidative DNA damage by NPs, 518 
such as breaks, adducts or mismatches (Catalán et al. 2014; Karlsson 2010). 519 
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The DNA lesions caused by NPs may still be repaired by cellular DNA repair 520 
system (Catalán et al. 2014). Chueh et al. (2014) reported that nanorods AuNPs 521 
(72, 180, 360 and 720 ng mL
-1
 exposure during 24 h in MRC5, human normal 522 
lung fibroblast) increased the expression of genes involved in base-excision 523 
repair and homologous recombination pathways, indicating that they may cause 524 
base damage and double strand breaks (Chueh et al. 2014). A reduction of the 525 
5 nm AuNPs genotoxic effects in yeast Saccharomyces cerevisiae cells after 48 526 
and 72 h exposure comparing with 24 h was observed, presumably due to the 527 
activation of DNA repair mechanisms (de Alteriis et al. 2017). Therefore, 528 
different events may occur at different times of exposure. If the lesions are 529 
misrepaired or if unrepaired lesions cause replication errors, gene mutations 530 
and chromosomal mutations may be formed (Catalán et al. 2014) and may 531 
display a cascade of biological consequences at the cellular, organ, organism, 532 
and finally population and community levels (Lee and Steinert 2003; 533 
Theodorakis 2001; Wirgin and Waldman 1998). 534 
Micronuclei, a biomarker of chromosomal damage and/or loss, which 535 
represent a permanent damage that can only be fixed through cell removal 536 
(Oliveira et al. 2010), were not significantly detected in the present study. 537 
Although the mechanisms responsible for the formation of ENAs are not yet 538 
completely understood, some nuclear abnormalities (such as lobed and 539 
segmented nuclei) may be interpreted as nuclear lesions analogous to 540 
micronuclei that may be induced by genotoxicants even if micronuclei are not 541 
present (Ayllon and Garcia-Vazquez 2000; Barreto et al. 2017; Harabawy and 542 
Mosleh 2014; Stankevičiūtė et al. 2016). The second most nuclear abnormality 543 
detected in the present study – lobed nuclei – has earlier been described as a 544 
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biomarker of reduced repair capacity, misrepair leading to chromosome 545 
rearrangement, and a measure of excess DNA that is being extruded from the 546 
nucleus (Di Bucchianico et al. 2015). The most detected abnormality, kidney-547 
shaped nuclei, is considered by some authors to have a cytological cause 548 
(Bonassi et al. 2006), whereas by other authors it is described as having a 549 
genotoxic origin (Barreto et al. 2017; Carrola et al. 2014; Harabawy and Mosleh 550 
2014). Xia et al. (2017) reported no increase in the frequency of micronuclei in 551 
the bone marrow erythrocytes of mice after 4 d exposure of 0.02 to 50 mg kg
-1 
552 
AuNPs (5, 20 and 50 nm). When the exposure period was extended to 14 d, 5 553 
nm AuNPs did however cause significant clastogenic damage, with a dose-554 
dependent increase of micronuclei frequencies (Xia et al. 2017). Therefore, this 555 
suggests that the genotoxic effects of AuNPs may be dependent on the 556 
exposure duration. The lack of results in terms of micronuclei induction found in 557 
the present study may be associated with the short time of exposure (96 h). On 558 
the other hand, the results may also suggest the presence of an effective 559 
protection mechanisms and/or increased splenic erythrocyte catabolism and a 560 
reduced rate of erythropoiesis (Oliveira et al. 2010; Pacheco et al. 2005). 561 
The combined exposures of AuNPs and GEM produced an antagonistic 562 
response, as the observed effects were lower than the predicted based on both 563 
single exposure effects. These findings are highly relevant because there is a 564 
variety of contaminants in the environment and there is a lack of studies about 565 
the combined effects of NPs and other emerging contaminants (Luis et al. 566 
2016). In addition, having responses at different pathway levels can insight on 567 
the modes of action regarding chemicals and mixtures.  568 
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The results of the present study raise concerns about potential 569 
genotoxic effects of AuNPs. Therefore, additional studies are encouraged with 570 
AuNPs (alone or combined exposures) at low concentrations, to increase the 571 
knowledge about their genotoxic effects to aquatic organisms and the 572 
mechanisms involved, assessing the damage at different times of exposure and 573 
for longer exposure periods.  574 
5. Conclusions  575 
 576 
The present study provides evidence about gold nanoparticles (AuNPs) 577 
genotoxicity at molecular and cellular levels, in Sparus aurata. Even at 4 µg L−1, 578 
AuNPs induced DNA damage (erythrocyte DNA strand breaks) and increased 579 
the frequency of erythrocytic nuclear abnormalities. In terms of cytogenetic 580 
damage, the effects of citrate coated AuNPs were higher in the lowest tested 581 
concentration (4 µg L−1) than in the highest concentration (1600 µg L−1), 582 
possibly related to their aggregation/agglomeration behaviour depend on the 583 
concentration. The combined exposures of AuNPs and gemfibrozil produced an 584 
antagonistic response. Both techniques (comet and erythrocytic nuclear 585 
abnormalities assay) were found to be sensitive tools to detect AuNPs 586 
genotoxicity in Sparus aurata. The obtained data emphasize the importance of 587 
study the effects of the contaminants when they are present as mixtures, as in 588 
the environment a diversity of pharmaceuticals and nanoparticles may share or 589 
not toxicological properties. These results must be taken into account in 590 
biomedical applications and environmental risk assessment.  591 
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Highlights: 
Gold nanoparticles (AuNPs) induced DNA damage in Sparus aurata at 4 µg.L−1. 
Erythrocytic nuclear abnormalities (ENAs) increased after exposure to 4 µg.L−1 
AuNPs. 
The induction of ENAs decreased with citrate coated AuNPs concentration 
increase.  
AuNPs combined exposures with gemfibrozil (GEM) induced DNA damage and 
ENAs. 
AuNPs and GEM combined exposures produced an antagonistic response. 
